Background: Insulin stimulates the exocytic translocation of vesicles containing GLUT4 glucose transporters and insulin-regulated aminopeptidase (IRAP). Results: Insulin acts through TUG proteins to control IRAP targeting, similar to GLUT4; the activity of vasopressin, an IRAP substrate, is reduced in mice with disrupted TUG action in muscle. Conclusion: TUG regulates vasopressin action. Significance: Exocytic translocation of vesicles in muscle coordinates vasopressin inactivation with glucose uptake.
In adipose and muscle cells, insulin stimulates the exocytic translocation of vesicles containing GLUT4, a glucose transporter, and insulin-regulated aminopeptidase (IRAP), a transmembrane aminopeptidase. A substrate of IRAP is vasopressin, which controls water homeostasis. The physiological importance of IRAP translocation to inactivate vasopressin remains uncertain. We previously showed that in skeletal muscle, insulin stimulates proteolytic processing of the GLUT4 retention protein, TUG, to promote GLUT4 translocation and glucose uptake. Here we show that TUG proteolysis also controls IRAP targeting and regulates vasopressin action in vivo. Transgenic mice with constitutive TUG proteolysis in muscle consumed much more water than wild-type control mice. The transgenic mice lost more body weight during water restriction, and the abundance of renal AQP2 water channels was reduced, implying that vasopressin activity is decreased. To compensate for accel-erated vasopressin degradation, vasopressin secretion was increased, as assessed by the cosecreted protein copeptin. IRAP abundance was increased in T-tubule fractions of fasting transgenic mice, when compared with controls. Recombinant IRAP bound to TUG, and this interaction was mapped to a short peptide in IRAP that was previously shown to be critical for GLUT4 intracellular retention. In cultured 3T3-L1 adipocytes, IRAP was present in TUG-bound membranes and was released by insulin stimulation. Together with previous results, these data support a model in which TUG controls vesicle translocation by interacting with IRAP as well as GLUT4. Furthermore, the effect of IRAP to reduce vasopressin activity is a physiologically important consequence of vesicle translocation, which is coordinated with the stimulation of glucose uptake.
During periods of increased metabolic activity in muscle, GLUT4 2 glucose transporters translocate to the cell surface and mediate increased rates of glucose uptake (1) . Insulin and exercise both mobilize GLUT4 out of internal membranes and insert these transporters into T-tubules to make these membranes permeable to extracellular glucose. The TUG protein is a critical regulator of insulin-stimulated GLUT4 translocation (2) (3) (4) (5) (6) (7) . TUG traps GLUT4-containing vesicles at the Golgi matrix, and insulin triggers endoproteolytic cleavage of TUG to release GLUT4 into a cell surface recycling pathway. Insulin also acts through Akt2, AS160/Tbc1D4, and Tbc1D1, specific Rab proteins, and other pathways to control overall GLUT4 movement (1, 8) . The ability of insulin to stimulate GLUT4 translocation is impaired in insulin-resistant states such as type 2 diabetes.
The GLUT4 storage vesicles (GSVs) that are mobilized by insulin contain a distinct set of cargo proteins. Best characterized in adipocytes, GSVs are thought to exist as a preformed pool of vesicles in unstimulated cells (9) . GSV cargos include the insulin-regulated aminopeptidase, IRAP, as well as sortilin, LRP1, and VAMP2 (10 -16) . During GSV formation, sortilin binds GLUT4, IRAP, and LRP1 in the lumen of the nascent vesicle so that these cargos enter the GSV as a unit during vesicle budding (16, 17) . Each GSV contains, on average, 5-6 molecules of GLUT4 and more than 10 molecules of IRAP (18) . The importance of IRAP for regulated GLUT4 trafficking has been well documented (19, 20) . However, the importance of GSV translocation for physiological functions other than glucose uptake remains uncertain.
IRAP is a transmembrane aminopeptidase that is the rodent ortholog of human placental leucine aminopeptidase (P-LAP, encoded by the LNPEP gene) (21) . IRAP is widely expressed and resides primarily on intracellular membranes; in adipose and muscle, it is translocated together with GLUT4 in response to insulin stimulation. Upon translocation, the aminopeptidase domain of IRAP is displayed extracellularly and cleaves circulating substrates including vasopressin (22) . In IRAP knock-out mice, the half-life of circulating vasopressin is increased 3-fold, and plasma concentrations are increased 2-fold. Some data suggest that TUG proteins regulate vesicles that contain IRAP as well as GLUT4; however, this has not been demonstrated directly (23) . Most work to understand the physiological effects of GSV translocation has focused on glucose metabolism, and the relative importance of IRAP action, when compared with GLUT4 action, remains unknown.
Experimental Procedures
Animals-Transgenic mTUG UBX-Cter mice were described previously (6) . Mice were maintained on a C57BL/6J background, and heterozygote male mice were used for experiments. Controls were age-matched, male wild-type mice, usually nontransgenic littermates. Mice were maintained on a standard 12-h/12-h light-dark cycle with ad libitum access to chow (Harlan-Teklad 2018, 5% calories from fat) and water unless otherwise stated. The Yale Institutional Animal Care and Use Committee approved all procedures.
Water Homeostasis-Water intake was measured using metabolic cages (CLAMS, Columbus Instruments). Water restriction experiments were carried out in fasting animals because the effect of the transgene is observed primarily during the fasting state (6) . To distinguish weight loss due to water restriction from that due to food removal, sequential measurements were made. Mice were fasted for 18 h, weight loss was recorded, and food was returned for 48 -72 h for mice to recover their initial body weights. Mice were then deprived of food and water for 18 h, weight loss was again recorded, and food and water were returned. The weight loss attributable to water removal was calculated from the differences in weight loss and plotted as a percentage of the initial body weight (before food restriction) for each mouse. For measurement of renal AQP2 protein abundances, mice were sacrificed after food and water restriction, and whole kidney lysates were immunoblotted using antibodies to AQP2 (Thermo Fisher) and ␣-tubulin (Sigma). For measurement of plasma copeptin concentrations, mice were fasted for 4 -6 h and were allowed free access to water. Mice were sacrificed, and plasma copeptin concentrations were measured using an ELISA kit (Cedarlane Labs).
Muscle Fractionation-T-tubule-enriched membrane fractions were isolated from quadriceps of fasting mice essentially as described (6, 24) . Briefly, muscles (ϳ200 mg/sample) were minced, added to 2 ml of ice-cold Buffer A (20 mM Na 4 P 2 O 7 , 20 mM NaH 2 PO 4 , 1 mM MgCl 2 , 0.3 M sucrose, 0.5 mM EDTA, 20 mM iodoacetamide, two protease inhibitor tablets (Roche Applied Science) per 50 ml). Samples were homogenized using a Polytron tissue grinder for 10 -15 s at 8000 rpm and then centrifuged at 13,000 rpm for 20 min at 4°C using an SS-34 rotor (Sorvall). Pellets were resuspended in 1.7 ml of Buffer A, homogenized again using a Polytron (13,500 rpm for 45 s), and then centrifuged at 11,000 rpm for 20 min at 4°C using an SS-34 rotor. The supernatant was centrifuged in a TLA-120.2 rotor (Beckman) at 18,000 rpm for 10 min at 4°C. Pellets were resus-pended in 200 l of Buffer A. To strip myofibrillar proteins, 500 l of Buffer B (0.3 M sucrose, 20 mM Tris, pH 7.0) and 300 l of 4 M KCl were added (the final KCl concentration was 1.2 M), and samples were incubated at 4°C for 1 h with gentle agitation. Samples were then centrifuged at 57,000 rpm in a TLA-120.2 rotor for 10 min at 4°C. The T-tubule-enriched membrane pellets were resuspended in 150 l of Buffer B and analyzed by SDS-PAGE and immunoblotting as described (6) . Antibodies to IRAP were raised in rabbits using a peptide corresponding to IRAP residues 17-33 (Covance) and were also purchased from Cell Signaling Technology. An antibody to insulin receptor ␤-chain was purchased from Millipore.
Recombinant Protein Expression and Pulldowns-GST fusion proteins with IRAP residues 2-109, 55-108, and 2-52 were generated as described (25) and were visualized using GelCode Blue staining (Pierce). A synthetic peptide corresponding to IRAP residues 55-84, with a biotin group and two aminohexanoic acid spacers at its N terminus, was synthesized at the Yale Keck Biotechnology Resource facility. IRAP fragments or peptides were immobilized on glutathione or streptavidin beads, respectively, and used for purification of TUG proteins from 3T3-L1 adipocyte or 293 cell lysates. 293 cells were transfected to express intact or truncated TUG proteins, as described (2) . Pulldowns were performed in 20 mM Tris, pH 8.0, 150 mM NaCl, 2 mM EDTA, and either 1% Triton X-100 or 1% IGEPAL CA-630 (Sigma). Eluted proteins were analyzed by SDS-PAGE and immunoblotting using an antibody to the TUG C terminus (2) .
Cell Culture, Vesicle Purification, and Cell Surface Biotinylation-293 cells were cultured and 3T3-L1 cells were cultured and differentiated as described (5) . To purify TUGbound vesicles, the site-specific biotinylating enzyme, BirA, was cloned in the pBICD4 retrovirus vector (2, 26 -28) . A form of the TUG protein containing the biotin acceptor peptide at its C terminus was coexpressed, using the pBICD2 retrovirus vector (2, 28) . Stable 3T3-L1 cells expressing both proteins were isolated using FACS. After differentiation into adipocytes, cells were treated with or without 80 nM insulin for 15 min and then homogenized in TES buffer (250 mM sucrose, 10 mM Tris, pH 7.4, 0.5 mM EDTA, and 20 mM iodoacetamide) using a Douncetype tissue grinder. Homogenates were microcentrifuged at 13,000 rpm for 15 min at 4°C, and then microsomes remaining in the supernatant were incubated with streptavidin-agarose (NeutrAvidin, Pierce) or, as a control, biotin-saturated streptavidin-agarose. Nonspecific binding was reduced by preincubating the agarose beads using streptavidin blocking buffer for 2-3 h (Solulink). After incubation of the lysates for 2-16 h at 4°C, the beads were pelleted and washed, and proteins were eluted in sample buffer and analyzed by SDS-PAGE and immunoblotting. Biotinylation of cell surface proteins in 3T3-L1 adipocytes was done as described (23) , except that some biotinylation reactions were allowed to proceed at 4°C for 40 min rather than at 37°C for 12 min.
Statistical Analysis-Data are presented as mean Ϯ S.E. Significance was assessed using an unpaired, two-tailed t test, and differences were considered significant at p Ͻ 0.05.
Results
We recently described transgenic mTUG UBX-Cter mice, which have constitutive endoproteolytic cleavage of TUG proteins in skeletal muscle in the absence of insulin stimulation (6) . As predicted, these mice exhibit GLUT4 translocation during the fasting state so that fasting plasma glucose and insulin concentrations are reduced and whole-body glucose turnover is increased. In these mice, the UBX-Cter transgene activates TUG proteolysis, similar to insulin, but it does so incompletely and only in a subset of muscles in which it is highly expressed. Because the transgene is not fully effective in all muscles, the increase in whole-body glucose turnover during fasting is limited to 17% (6) . Unexpectedly, and in the setting of this partial effect of the transgene, metabolic cage studies showed that the mTUG UBX-Cter transgenic mice had a 55% increase in water intake, when compared with wild-type control mice (Fig. 1A) . This increase in water consumption could not be attributed to an ϳ3% reduction in body weight in transgenic mice (6) . When analyzed on a per mouse basis, the increased water intake remained highly significant, as shown in Fig. 1B .
We hypothesized that the increased water intake results from reduced vasopressin activity in the transgenic mice, when compared with wild-type controls. This could occur if TUG cleavage causes translocation of IRAP together with GLUT4 because cell surface-exposed IRAP cleaves and inactivates circulating vasopressin (22) . The transgenic mice would then have an impaired ability to concentrate urine. To test the prediction that the transgenic mice would have greater weight loss during water restriction, we used an 18-h water deprivation test (29) . We performed this study on fasting animals because the effect . Reduced vasopressin action and increased copeptin in mTUG UBX-Cter mice. A and B, water intake was measured in 12-week-old control (WT) and mTUG UBX-Cter TG (TG) mice and is plotted per body weight (A) and per mouse (B). C, WT and TG mice were treated without food for 18 h, allowed to recover, and then treated without food and water for 18 h. The weight decrease attributable to water removal is plotted as a percentage of initial body weight. D, mice were sacrificed after removal of food and water, and kidney lysates were immunoblotted to detect the vasopressin-responsive protein AQP2 and, as a control, ␣-tubulin. The relative abundance of AQP2 is plotted in WT and TG mice. E, plasma concentrations of copeptin, a product of the vasopressin prohormone, were measured in fasted WT and TG mice with free access to water. Data are presented as mean Ϯ S.E.; n ϭ 6 -12 in each group.
of the transgene is maximal during fasting, and we controlled for weight loss due to food removal. Fig. 1C shows that when compared with wild-type controls, mTUG UBX-Cter transgenic mice had greater weight loss attributable to water deprivation. These data support the idea that mTUG UBX-Cter transgenic mice are impaired in their ability to concentrate urine.
To further test vasopressin activity, we measured renal AQP2 abundance, which is stimulated by vasopressin and can serve as a bioassay for vasopressin activity (30, 31) . Vasopressin regulates water permeability in the renal collecting system by both minute-to-minute effects on AQP2 targeting and hour-to-daylong effects on AQP2 abundance (30, 32) . We considered that the longer-term effects on AQP2 abundance would be most relevant in mTUG UBX-Cter transgenic mice, which are predicted to have chronically accelerated inactivation of circulating vasopressin. Supporting this idea, Fig. 1D shows that AQP2 protein was less abundant in kidneys of water-deprived mTUG UBX-Cter mice, when compared with wild-type controls. Renal AQP2 is present exclusively in parts of the nephron where vasopressin regulates the osmotic transport of water to concentrate urine (32) . Although other cells contribute material to whole kidney lysates, gross and histologic studies revealed no differences between kidneys of transgenic and wildtype mice (6) . Thus, the observed difference in AQP2 abundance can be reasonably considered to reflect actions of vasopressin on the collecting duct system. Together, the data support the notion that vasopressin activity is reduced in mTUG UBX-Cter transgenic mice when compared with wild-type controls.
Vasopressin itself is a 9-residue peptide that is present in blood plasma at very low concentrations, so it is difficult to measure. Copeptin is a cleavage product of the vasopressin prohormone, analogous to the C-peptide of insulin (33, 34) . Copeptin is both larger and more abundant than vasopressin, and the development of an assay to measure copeptin as a surrogate marker for vasopressin was considered an important advance (35) . In fasted mTUG UBX-Cter mice with free access to water, we predicted that vasopressin secretion would be greater than that in wild-type control mice. Supporting this idea, plasma copeptin was increased in mTUG UBX-Cter mice, when compared with controls ( Fig. 1E) . Thus, although vasopressin activity is decreased, its secretion is increased. The data support the notion that vasopressin inactivation is accelerated in mice with constitutive translocation of TUG-regulated vesicles in muscle.
To test whether IRAP is targeted to the cell surface in muscles of mTUG UBX-Cter mice, we isolated T-tubule-enriched membrane fractions from quadriceps muscles of fasting animals, similar to our previous work on GLUT4 (6) . Immunoblots of these membranes demonstrated that IRAP is more abundant in T-tubules isolated from transgenic mice, when compared with those from wild-type controls (Fig. 2, A and B) . There was no effect of the transgene on the abundance of total IRAP, supporting the idea that TUG regulates IRAP targeting in muscle. The magnitude of the increase in T-tubule IRAP (3.2-fold) was similar to that observed for GLUT4 (3.6-fold) in similar experiments (6) . Together with previous work showing that IRAP regulates the half-life of circulating vasopressin (22), we conclude that the targeting of IRAP to T-tubules in mTUG UBX-Cter mice can account, at least in part, for the observed effects on vasopressin and water homeostasis.
The TUG protein is proposed to regulate GSVs and interacts with GLUT4 (3). However, insulin-regulated GSV trafficking occurs to some degree in cells lacking GLUT4, and IRAP is proposed as the more important protein for regulated GSV targeting (19, 36, 37) . To test whether TUG binds IRAP, we performed pulldown experiments. As shown in Fig. 2C , recombinant IRAP proteins were able to purify TUG from transfected 293 cells. Both the entire IRAP cytosolic region (residues 2-109) and the membrane-proximal region (residues 55-108) were sufficient to bind TUG. A recombinant protein containing IRAP residues 55-82 was sufficient to redistribute GLUT4 to the cell surface when microinjected into 3T3-L1 adipocytes (38) . Therefore, we tested whether a peptide corresponding to IRAP residues 55-84 binds TUG. As shown in Fig. 2D , this peptide was sufficient to pull down TUG from transfected cells. Additionally, this interaction required TUG residues 1-164 and was not observed when a truncated form of TUG containing only residues 165-550 was expressed. Insulin triggers sitespecific cleavage of TUG at the bond joining residues 164 -165 (5) . The N-terminal product has properties of a novel ubiquitinlike protein modifier, TUGUL (TUG ubiquitin-like), and is hypothesized to help carry the GSVs to the cell periphery (7) . Therefore, an interaction of TUGUL with IRAP, as well as with the large intracellular loop of GLUT4 (3), may facilitate GSV movement to the cell surface.
To further test whether IRAP is present in TUG-bound vesicles, we expressed a biotin-tagged TUG protein in 3T3-L1 adipocytes. We used retroviruses to express BirA, a site-specific biotinylating enzyme, together with a form of TUG containing the biotin acceptor peptide at its C terminus (26, 27) . This approach permits the rapid, single-step purification of protein complexes or, in the absence of detergent, TUG-bound vesicles. Subcellular fractionation experiments detected no large effect of the tagged TUG protein on GLUT4 translocation and showed that the tagged protein colocalized with native TUG (not shown). As shown in Fig. 2E , IRAP and GLUT4 were present in vesicles bound to biotin-tagged TUG in 3T3-L1 adipocytes. Insulin caused similar reductions in the amounts of IRAP, GLUT4, and TUG that were purified, consistent with previous data showing that insulin stimulates TUG proteolysis to liberate GSVs (5) . The data were quantified in Fig. 2F , which is also consistent with previous data showing that insulin stimulates the dissociation of intact TUG from immunoprecipitated GLUT4 (2) . The results support the idea that insulin stimulates TUG cleavage in 3T3-L1 adipocytes and that the biotin-tagged TUG C-terminal product does not bind strongly to either IRAP or GLUT4. The TUG C-terminal product was not observed in the eluates, likely because it has limited stability (5) . The data suggest that cytosolic TUG in 3T3-L1 adipocytes also has limited stability in the homogenates, consistent with the idea that intact TUG is stabilized by incorporation into a complex together with membrane-bound interacting proteins (5) . In particular, the central region of TUG has low sequence complexity and may be unstructured in the absence of a binding partner(s). Together, the data support the notion that IRAP is present together with GLUT4 in TUG-regulated GSVs in 3T3-L1 adipocytes as well as in skeletal muscle.
To confirm that TUG regulates IRAP cell surface targeting in 3T3-L1 adipocytes, we biotinylated surface-exposed proteins and purified them on immobilized streptavidin. We used previously described control cells, "TUG KD" cells containing an shRNA to deplete TUG, and "rescue" cells containing this shRNA as well as shRNA-resistant wild-type TUG (3, 23) . As shown in Fig. 2G , insulin stimulated the translocation of IRAP to the cell surface in control cells. In TUG KD cells, IRAP was observed at the cell surface in the unstimulated state. This effect of TUG depletion was similar to that observed for GLUT4 (3) and was rescued by shRNA-resistant TUG. As a control, we observed no marked effect on cell surface insulin receptor ␤-chain in the same samples. The data are consistent with Fig.  2A , which shows that IRAP is distributed to T-tubule-enriched membrane fractions in skeletal muscle of mTUG UBX-Cter transgenic mice. Together, the results support the idea that intact A and B , T-tubule membrane fractions were prepared from quadriceps muscles of fasted mTUG UBX-Cter TG and WT control mice. Immunoblots were performed to detect IRAP and insulin receptor ␤-chain (IR␤), as indicated. B, densitometry was done on immunoblots from A, and the relative abundance of IRAP in T-tubule fractions was plotted. C, GST fusion proteins containing the indicated regions of the IRAP cytosolic N terminus were used to purify TUG from lysates of transfected 293 cells. TUG was detected by immunoblotting (WB), and GST proteins were stained using GelCode Blue. D, a biotinylated peptide containing IRAP residues 55-84 was used to purify TUG from lysates of 293 cells transfected with full-length TUG (residues 1-550) or with a truncated form (residues 165-550). Purified proteins and lysates were immunoblotted as indicated. E, TUG-bound vesicles were purified from basal and insulin-stimulated 3T3-L1 adipocytes expressing biotin-tagged TUG, using immobilized streptavidin beads. Control precipitations were done using biotin-saturated streptavidin. Eluted proteins were immunoblotted to detect IRAP, GLUT4, and TUG as indicated. F, replicates of the experiment shown in E were analyzed using densitometry of the immunoblots, and data were quantified and plotted. Data are presented as mean Ϯ S.E.; n ϭ 3. G, cell surface proteins were biotinylated in control 3T3-L1 adipocytes, in cells containing an shRNA to deplete TUG (TUG KD), and in cells containing both the shRNA and the shRNA-resistant TUG (rescue). Cells were treated with insulin as indicated. Surface-exposed proteins were purified and immunoblotted to detect IRAP and, as a control, IR␤. The ratio of surface IRAP to surface IR␤ band intensity is indicated below each lane.
TUG is required for intracellular retention of IRAP in unstimulated 3T3-L1 adipocytes, as well as during fasting in skeletal muscle in mice.
Discussion
The data presented here show that TUG regulates IRAP translocation to the cell surface in both skeletal muscle and 3T3-L1 adipocytes. Our data support the idea that in mTUG UBX-Cter transgenic mice, IRAP translocation in muscle results in accelerated inactivation of vasopressin and systemic effects on water homeostasis. To compensate for the accelerated vasopressin turnover, the transgenic mice both drank more water and secreted more vasopressin, as indicated by plasma copeptin measurements. Together with previous results (2) (3) (4) (5) (6) (7) , the data show that vasopressin inactivation and glucose uptake are coordinately regulated by the translocation of TUG-bound vesicles to the cell surface.
IRAP, which is present in at least twice as many copies per vesicle as GLUT4, is likely the most abundant GSV cargo (16, 18) . Our data suggest that there is a physiological correlate for this molecular stoichiometry. In mTUG UBX-Cter mice, the 55% increase in water consumption was ϳ3-fold greater than the 17% increase in whole-body fasting glucose turnover (6) . In these mice, the UBX-Cter transgene did not fully activate TUG cleavage and glucose uptake in all muscles, which likely mitigated effects on whole-body glucose homeostasis. By similar reasoning, if IRAP translocation was not fully activated in all muscles, then the data here may underestimate the potential whole-body effect to reduce vasopressin action. The data imply that a major physiological effect of GSV translocation is to diminish vasopressin action.
Why should vasopressin inactivation be coordinately regulated with glucose uptake? One possibility is that during periods of increased metabolic activity in muscles, termination of vasopressin action helps to clear the water that is produced from oxidation of glucose. This effect may be more important during muscle contraction, when compared with insulin stimulation, because insulin stimulates primarily nonoxidative glucose disposal. It is not known whether TUG regulates contractionstimulated glucose uptake in muscle, or even whether the same GSVs are mobilized by contraction and insulin stimulation (39, 40) . A second possibility is that inactivation of vasopressin results in dilation of terminal arterioles and helps to recruit microvascular units and increase capillary blood flow in stimulated muscles (41, 42) . Although this may normally be a localized action, systemic effects of reduced vasopressin could also result because of the mass of skeletal muscle and the enormous surface area of the T-tubule system (43) .
The water produced by glucose oxidation can amount to a substantial fraction of intravascular volume. Our mice consumed ϳ250 mg of carbohydrate/day (6) . If this is considered as glucose that is completely oxidized, it would generate ϳ150 l of water, or ϳ11% of the estimated blood volume. An alternative calculation is based on whole-body glucose turnover. In fasting wild-type control mice, glucose turnover was measured and was ϳ0.25 mg/mouse/min, of which 85-90% was oxidized (6) . Over the course of 24 h, this amount would generate ϳ200 l of water, equivalent to ϳ15% of estimated blood volume.
These rough calculations make it clear that oxidation produces a substantial amount of water, which must be disposed of to maintain blood osmolality within a narrow range. Impaired GLUT4 translocation results in insulin resistance, and impaired IRAP translocation may contribute to altered vasopressin action in insulin-resistant individuals. Indeed, plasma copeptin concentrations are increased in insulin resistance, and copeptin has been termed a "unifying factor" underlying the metabolic syndrome (44) . Impaired insulin-stimulated translocation of these proteins may reflect increased abundance at the cell surface during the basal state, as well as decreased abundance at the cell surface in the insulin-stimulated state. Increased cell surface IRAP is observed in unstimulated adipose of type 2 diabetics, when compared with controls (45) . In skeletal muscle, a trend toward increased IRAP in T-tubule membranes is observed in fasting individuals with insulin resistance or diabetes, when compared with control subjects (46) . Therefore, increased copeptin concentrations in insulinresistant individuals may reflect, at least in part, accelerated inactivation of vasopressin, together with a compensatory increase in vasopressin secretion. Whether this may contribute to hypertension in the setting of insulin resistance is not known, and is worthy of further study (35, 47, 48) .
IRAP is more important than GLUT4 itself for the regulated trafficking of GSVs (19, 20, 36, 37) . Critical to this function of IRAP is a dileucine motif and an acidic patch within its 109residue cytosolic N terminus (49 -51) . A recombinant IRAP protein containing this sequence caused GLUT4 translocation when injected into 3T3-L1 adipocytes, implying that it may interact with a protein involved in vesicle targeting (38) . Acyl-CoA dehydrogenases bind this sequence, but the physiological significance of this interaction remains uncertain (52) . Our data show that this sequence also interacts with TUG and that TUG residues 1-164 were required for this interaction. This region of TUG forms tandem ubiquitin-like folds (5, 53) . Previous work supports a model in which TUG cleavage produces a ubiquitin-like modifier, TUGUL, which contains these domains and helps to carry GSVs toward the cell surface. This model fits well with the idea that IRAP binds TUGUL (5, 7) . The IRAP peptide resembles a SUMO-interacting motif, which also contains an acidic patch and a dileucine sequence, suggesting that it may interact in a similar way with a ubiquitin-like domain of TUGUL (54 -57) . Of note, TUGUL also binds the large intracellular loop of GLUT4 (3). Thus, the specificity of TUG binding to GSVs may result from a combinatorial interaction with multiple GSV cargos. The second ubiquitin-like domain of TUGUL does not fold stably in the absence of a binding partner (53) . A possibility is that binding of IRAP, GLUT4, and possibly other proteins to TUGUL stabilizes this fold. Such stabilization could confer susceptibility to a deubiquitinase-like enzyme that catalyzes TUG cleavage and could thus contribute to the specificity of regulated translocation for GSVs and not other vesicles (5) .
The data here support the idea that GSV translocation coordinately regulates glucose uptake and vasopressin inactivation. We speculate that other aspects of physiology and metabolism may also be subject to this coordinated regulation. In adipocytes, GSVs contain the LDL receptor-related protein LRP1, and sortilins are present in GSVs in both fat and muscle cells (14, 58 -60) . These proteins bind ApoA-V and ApoE to mediate uptake of triglyceride-rich lipoproteins; in addition, LRP1 modulates lipid metabolism by controlling Wnt signaling (58, (61) (62) (63) . Consistent with the idea that GSV translocation participates in uptake of these lipoproteins, mTUG UBX-Cter mice have reduced plasma triglycerides (6) . This may also result from decreased de novo lipogenesis during fasting because insulin concentrations were reduced in the transgenic animals. Even so, together with other results, the data here raise the possibility that multiple aspects of physiology and metabolism may be coordinately regulated by TUG cleavage and vesicle translocation and that defects in this pathway may contribute to multiple aspects of the metabolic syndrome in humans.
